In recent years, the increasing concern on the toxicity of highly aromatic oils has been incentive to the development of rubber process oils (RPOs) which are more environmentallyfriendly. Many alternative eco-friendly RPOs have been tested with the aims of selecting the most suitable replacement for these highly aromatic oils. As a consequence, in order to achieve both environmental friendliness and effective rubber compounding, the aromatic content in RPOs must be optimised. In the present study, the experiments have been carried out to investigate the effects of aromatic and polycyclic aromatic compounds (PCAs) contents in RPOs on processability and mechanical properties of styrene butadiene rubber (SBR) compounds and vulcanisates. Results obtained suggest that the presence of RPOs leads to a decreased compound viscosity, and thus an enhanced processability. By incorporating the RPOs into SBR compounds, some mechanical properties including elongation at break and tear strength of cured SBR can be improved, particularly for the RPOs with high aromatic content. It is believed to be attributed to the increased compatibility between RPOs and SBR matrix. Nevertheless, the aromatic and PCA contents play little or insignificant role on the crosslink density and bulk viscosity of rubber compounds as well as hardness and compression set of vulcanisates.
Introduction
Nowadays, the most importance environmental challenge with regard to tyres is the reduction of tyre wear containing toxic compounds such as poly-aromatic hydrocarbons (PAHs) and polycyclic aromatic compounds (PCAs) [1] . These substances are known as suspected carcinogens, and are now banned in European countries [2] . However, the different proportional of aromatic carbon and saturated carbon in the RPOs causes the discrepancy in native properties of RPOs [3] . As a result, in order to achieve both environmental friendliness and effective rubber compounding, the aromatic content in rubber processing oils (RPOs) must be optimised. Styrene butadiene rubber (SBR) is known to be the widely used synthetic elastomer, mainly for tyre tread application where good mechanical properties, excellent abrasion resistance, good traction and lower heat build-up are required [4, 5] . Furthermore, due to the presence of aromatic ring in SBRs, RPOs with medium to high aromatic content offer good compatibility with SBR matrix. In this research, the experiment has been carried out by investigating the effect of aromatic and PCA contents of RPOs on the properties of SBR in uncured and cured states. Moreover, the present study aims to provide information as a guideline for rubber technologists to reformulate their compounds for the equivalent properties.
Experimental
Compound preparation and characterisation Mixing was performed using 2-roll mill with a two-stage mixing technique. In the first stage of mixing, zinc oxide (ZnO), stearic acid, carbon black (CB) and RPOs were incorporated sequentially into raw rubber with total mixing time of 14 minutes. Various types of RPOs as supplied by IRPC Plc. Co., Ltd. were compounded in this step. In the second mixing stage, the rubber compounds gained from the first mixing stage was masticated for 2 minutes, and then incorporated with sulphur and TBBS as curative and cure accelerator respectively. Mixing was continued for 5 minutes to achieve good distribution and dispersion of ingredients, and finally, the rubber mix were sheeted and cooled down.
Cure characteristics were determined at the set temperature of 145 ºC with the use of moving die rheometer (MDR; TechPro, USA). A rubber process analyser (RPA 2000; Alpha Technologies, USA) was utilised for determining rheological characteristics of rubber compounds. Measurement of Mooney viscosity (ML1+4 @ 100°C) was carried out using the Mooney viscometer (TechPro viscTECH+, USA). To prepare cure specimens (aka. vulcanisates), the rubber compounds were compression moulded using a hydraulic hot-press under pressure of 15 tons at 145 o C for the optimum cure time (t c90 ) as pre-determined from the MDR. 
Measurement of the mechanical properties

Results and Discussion
RPO properties: Physico-chemical properties of the RPOs used in this research work are shown in Table 1 . The RPOs possess different aromatic carbon (C a ), naphthenic carbon (C n ) and paraffinic carbon (C p ) contents. There is one chemical test method which has been adopted by the European Commission, namely, IP 346. This test method is a criterion of carcinogenicity classification for base oils by determining the PCA content in the RPOs [2, 6] . Apparently, the PCA content tends to increase with increasing the aromatic carbon in the RPOs, as expected. Furthermore, one method to statistically relate to the dominant chemical structure of petroleum oil is of ASTM D 2501, i.e., the viscosity-gravity constant (VGC) [7] . Generally, a higher value of VGC indicates greater aromaticity in the RPOs [8, 9] . Evidently, the VGC increases with increasing aromatic content in oils. The logarithmic plots of complex viscosity (η * ) against angular frequency of SBR compounds is shown in Fig. 1-a . Results demonstrate clearly a shear thinning behaviour or the so-called pseudoplastic behaviour of all SBR compounds [5, 7] . Evidently, the η* is not significantly changed with aromatic and PCA content. Additionally, compared with the control (i.e., no RPO added), the SBR compounds with RPOs reveal decreased η*, especially at low test angular frequency. The results appear to be in good accordance with Mooney viscosity as discussed earlier. Therefore, the similar explanation could be applied.
Referred to Fig. 1-b , with increasing aromatic content in RPOs, the magnitude of Payne effect (∆G') decrease progressively, implying the decrease in filler transient network formation in rubber compounds [11, 12] . Also, the reduction in magnitude of ∆G' suggests the enhancement in filler dispersion which could be explained by the enhanced RPO-SBR compatibility with increased aromaticity of RPOs. This might thereafter facilitate the wetting process of CB by rubber matrix. Table 3 reveals the mechanical properties of cured SBR filled with various RPOs. Compared with the control SBR, the SBR incorporated with RPOs offers obvious improvement in elongation at break and tear strength with the expense in elastic contribution as evidenced by the increased compression set. Such observation might be explained by the shortened filler incorporation period via the plasticisation effect and thus the increased dispersion time available during the mixing process. However, by increasing the aromatic and/or PCA contents in RPOs, neither hardness nor tensile properties is affected significantly. 
Mechanical properties:
